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Y ABSTRACT 

The design of a probe system capable of  measuring enthalpy, impact 
pressure and local mass f lux  within t h e  hypersonic flow f i e l d  produced by 
the NASA/MSC Atmospheric Reentry Materials and Struc tures  Evaluation 
F a c i l i t y  (ARMSEF) i s  described. 
f l o w  measuring system, and flow meter ca l ib ra t ion  system a r e  included i n  
t h i s  repor t .  Data obtained i n  evaluation of t he  probe system i n  the  AVCO 
ROVERS and the  NASA ARMSEF f a c i l i t i e s  a r e  a l so  discussed. 

The design of the  enthalpy probe, the  mass 
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I. INTRODUCTION . 
Probes of various types have been employed t o  determine gas enthalpy and 

mass f l u x  i n  subsonic flow f i e l d s ( 1 ) .  
dynamic probes f o r  subsonic flow f i e l d  diagnostic s tud ies  a r e  the t a r e  probes( l ,2 ,3) .  
Typical examples of t he  experimental d a t a  obtained with the  t a r e  probe a r e  reported 
i n  References 3 and 4. The concept of a tare probe requires t h a t  the  assumption 
be made t h a t  the  t o t a l  heating t o  the external  probe surface i s  i d e n t i c a l  during 
the  t a r e  and gas sampling modes of operation. It i s  obvious t h a t  the e r r o r  i n  
the  enthalpy determined with such a device due t o  t h i s  necessary assumption i s  
simply the  r a t i o  of the  difference i n  external  heat t r ans fe r  f o r  t he  two modes of 
operation t o  the  heat removed from the gas sample during the sampling mode. 
Although the e r ro r s  associated with the necessity of obtaining a t a r e  measurement 
may be small i n  a subsonic flow f i e l d ,  there i s  l i t t l e  or no information concern- 
ing the  magnitude of these e r rors  i n  supersonic flows. 

The most successful of these thermo- 

The i d e a l  enthalpy probe fo r  use i n  supersonic flow f i e l d s  i s  one which w i l l  
completely eliminate the necessi ty  of a ta re  measurement. Such an instrument i n  
general  would cons is t s  of two basic  portions: 
an outer  water-cooled probe t o  protect  it from the  external  environment. When 
the  calor imetr ic  sec t ion  i s  properly insulated from the  outer  water-cooled probe, 
t h e  enthalpy of a gas sample drawn through an asp i ra t ing  tube located on the  probe 
ax i s  may be determined from an energy balance on the  calor imetr ic  sec t ion  cooling 
water and the  gas sample: 

an inner calor imetr ic  probe, and 

f 

where AT i s  the  coolant temperature r i s e ,  Tg i s  the temperature of gas sample 
as it leaves the  calor imetr ic  sect ion and To i s  any convenient base temperature 
f o r  t he  enthalpy computation. 

I n  addi t ion t o  i t s  a b i l i t y  t o  accurately determine enthalpy, the  i d e a l  
). probe should be capable of measuring t h e  loca l  mass f lux  ( pu, Hence, t he  

t i p  of the  probe must be such t h a t  at supersonic and hypersonic ve loc i t i e s  the  
shock a t  the  leading edge of t he  sampling tube i s  e s sen t i a l ly  an at tached shock. 
With t h i s  shock s t ruc ture ,  a stream tube having a cross-sect ional  a rea  equal t o  
t h a t  of t he  sampling tube would en ter  the probe p r io r  t o  passing through a system 
of oblique shocks downstream of the leading edge of the calor imetr ic  probe. The 
probe can e a s i l y  be made i n t o  an impact pressure measuring device simply by 
placing a pressure transducer and valve i n  t he  sampling l i n e .  

With an instrument which accurately measured gas enthalpy, mass f lux,  and 
impact pressure a t  hypersonic speeds t h e  loca l  values of densi ty  and ve loc i ty  
as w e l l  as enthalpy may a l s o  be determined without any assumption as t o  the 
degree of chemical equilibrium within the stream. For example, f o r  Mach numbers 
i n  excess of 5.0, the  r a t i o  of impact pressure t o  f r e e  stream momentum (&/&,G) has an asymptotic value i n  the range of 0.92-0.95 f o r  spec i f i c  
heat  r a t i o s  between 1.2 and 1 .4(5) .  
a mass f l u x  probe therefore  implies: 

Successful operation of the  instrument as 

c 

1 



and 

The knowledge of l o c a l  density,  enthalpy, and ve loc i ty  provides an accurate  des- 
c r ip t ion  of the  environment produced by a plasma generator.  
da t a  when employed with a chemical equilibrium program would r e s u l t  i n  add i t iona l  
information concerning the  nature of the  expansion process within the  e x i t  nozzle 
of the  plasma generator.  

I n  addi t ion,  these 

The design of an enthalpy-mass flux-impact pressure probe system for use i n  
the  hypersonic exhaust j e t  was accomplished keeping the general  requirements of 
an i d e a l  probe i n  mind. The design of  t h e  instrument required de ta i led  evalua- 
t i o n  of the  l o c a l  heat  t r ans fe r  ra tes ,  t h e  establishment of proper coolant flow r a t e s  
f o r  various f a c i l i t y  operating conditions, s t r e s s  ana lys i s  t o  insure the surv iva l  
of t he  instrument. Each of these f ace t s  o f  the  probe design are described i n  the  
remaining sect ions of t h i s  report .  

2 



11. DESCRIPTION 

The probe system designed t o  measure impact pressure,  mass f lux ,  and enthalpy 
i n  the supersonic exhaust j e t  produced by the NASA/MSC AFMSEF f a c i l i t y  consis ts  
of three bas ic  subsystems: the probe system, the  mass flow measuring system, and 
the  mass flow ca l ib ra t ing  system. Each probe sub-system i s  described below. 

A. Probe Description 

The enthalpy-mass flux-impact pressure probe designed f o r  use i n  the  AMEF 
f a c i l i t y  is composed of an inner  calorimetric probe, an outer  probe, and a probe 
s t r u t .  

The inner  calor imetr ic  probe bas ica l ly  consis ts  of a gas sampling tube 
(0.250 inch diameter) which is provided with two concentric annular cooling 
passages. Cooling water en te r s  the calorimetric probe through the  outer  annular 
passage, makes a 180 degree turn  a t  the  probe t i p  and flows toward the  rear of t he  
probe through the inner  annular channel which i s  adjacent  t o  the gas a sp i r a t ing  
tube located on the  probe ax i s .  I n  its path from the  probe t i p ,  the coolant flow 
absorbs energy f r o m  any gas being aspirated through the probe. Since an  accurate 
measurement of gas enthalpy with energy balance techniques requires  t h a t  there  be 
l i t t l e  o r  no heat t r a n s f e r  between the inner and outer  probe, over 95 percent of 
the in te r face  between these two portions of the  probe were provided with insu la t ion  
i n  the  form of e i t h e r  low conductivity material  o r  dead air  space. 
heat t r a n s f e r  i n  the  remaining portion of the  in te r face ,  coolant flow passages were 
routed so as t o  minimize the  temperature difference between the  two streams. 

To minimize 

The ex terna l  probe is  similar t o  the  inner  calor imetr ic  probe i n  t h a t  it con- 
s is ts  of a 1.00 inch diameter body containing two concentric annular cooling 
passages. I n  contrast ,  t o  the inner  calorimetric probe, the outer  probe coolant 
flows through the inner annular yassage t o  the probe t i p  and re turns  through the 
outer  annulus. The i n t e r n a l  configuration of t h i s  port ion of the  system i s  
designed t o  accomodate the  inner  calorimetric probe. The t o t a l  length of the 
i n t e r n a l  and ex terna l  probe bodies a re  such t h a t  the  leading edges of the  two 
probes l i e  i n  the same plane. When assembled, the inner  and outer  probe a r e  
designed to-  f i t  i n t o  a socket located on the top  of the probe s t r u t .  

* 

The water cooled s t r u t  has a t o t a l  length of 36 inches making it possible 
f o r  the  probe t o  traverse a 30 inch diameter exhaust stream. The forward and 
t r a i l i n g  edges of the  s t r u t  are semi-circular cylinders both of which have a diameter 
of 0.750 inch. The maximum width of the  s t r u t  i s  a l so  0.750 inch and the  length of 
the  s t r u t  p a r a l l e l  t o  the  gas stream i s  3.250 inches. The cooling requirements of 
t he  s t r u t  are s a t i s f i e d  by cooling water flowing through 0.062 inch wide channels 
immediately behind the  ex terna l  copper shel l .  The i n t e r i o r  of the  strut has pro- 
vis ions f o r  allowing passage of cooling water t o  both the  ex terna l ,  and in t e rna l  
probes as w e l l  as a tube f o r  a sp i r a t ing  gas through the probe. I n  addi t ion,  a l l  
thermocouples required f o r  measurement of probe coolant temperature rise and the  
temperature of the asp i ra ted  gas sample are located within the  s t r u t .  

3 



B. Gas Sampling System Description 

The gas sampling system consis ts  of a vacuum pump required f o r  a sp i r a t ing  gas 
through the  probe and a flow meter t o  measure the gas sample flow rate. 
vacuum pump is a commercially ava i lab le  i t e m  while t he  gas flow meters are Venturi 
flow meters. 
necessary piping, valves and instrumentation required f o r  successful  operation o f  
t h e  e n t i r e  system as a mass flux measuring device. 

The 

I n  addi t ion t o  these bas ic  items the sampling system includes the  

C. Gas Mass Flow Cal ibrat ing System 

The flow meter ca l ib ra t ing  system provides a means o f  introducing accurately 
known flow rates through the Venturi flow meters and hence a means of ca l ib ra t ing  
the  meters. 
tanks of specif ied volume, through sonic o r i f i c e s  in to  the gas sample l i nes .  

Gas of any desired composition may be introduced from a s e r i e s  of  

. 
I 
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l a  

111. PROBE DESIGN 

EXTEXNAL PROBE FLOW FIELD 

A. Conical Probe Tip 

I n  hypersonic flow, the  inviscid velocity, densi ty  and pressure d i s t r ibu t ions  
about an open no 
t i o n s  of Chernyi 

, conical  body of revolution may l5e obtained from t h e  predic- 
f o r  t h e  body shown i n  Figure 1. The r e s u l t s  of Chernyi's analy- 

sis are 

where 

- -2 s \ 2 0  - "(=b. 
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.. 
and the  stream funct ion (\v ) defined as 

The pressure d i s t r ibu t ion  on the  surface of  t he  body is given by: 

f 

These pr6perty d is t r ibu t ions  w e r e  applied i n  con junction with the l o c a l  
s i m i l a r i t y  re la t ionships  t o  determine the heating d i s t r ibu t ion  ove r  the  conical  
surface.  From loca l  s imi l a r i t y :  

with the s tagnat ion point  veloci ty  gradient given by 
@ 

44 

Since the  ve loc i ty  c lose t o  the  surface,  as predicted by equation 4, i s  no t  a 
function of distance along the surface,  and i f  it i s  assumed t h a t  the surface 
temperature is not a function of posit ion,  then the  heating d i s t r ibu t ion  is 
simply: . 

Numerical in tegra t ion  of the pressure d i s t r ibu t ion  f o r  conical  t ips having 
half-angles of 30 and 40 degrees demonstrated (Figure 2) t h a t  over t he  Mach 
number range of 3.0 t o  5.6 t h a t  

7 
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c 

Therefore 

which upon subs t i t u t ing  the  relat ionships  

as shown i n  Figure 3 results i n  

I f  a function defined as 

it is  found t o  be a function of  probe t i p  ha l f  angle alone. 
of t h i s  re la t ionship  i n t o  equation 18 the f i n a l  form of the  t i p  heating d i s -  
t r i b u t i o n  is  found t o  be 

Upon subs t i tu t ion  

e = 3Q0 

where x is  the dis tance along the  heated surface.  The heating d i s t r ibu t ions  
predicted by these re la t ionships  a r e  i l l u s t r a t e d  i n  F i g u r e 4  . 
t he  heating a es calculated by equation 20 and the  results of  computer 
ca lcu la t ionsf7 j  demonstrated that the two methods were i n  excel lent  agreement. 

A comparison i f  

"he t o t a l  hea t  input t o  the  probe t i p  i s  simply 
* .  

(4 
where 

9 



* 

1 - 1662 

. 

7. 
in 
IU 

I I I I I I . I I  

I 

10 

t M 

't 3.0 
3,2 

i4 
I .  098 
2. OOG 
2.74 
2.89 
3.02 

I t I 
2 I d Z  4 6 8  

n 3.2 

0 5.0 

0 5.6 
a 5.3 

T 
\j' 

10 AI 



. 

m 
co 
9 
.-( 

I 

4 

i 

1 P 
I 

z u 
z 

x 

0 

c 

11 

. 



which r e s u l t s  i n  

1.6 
where the  quantity,  Slm6C Sine, has values of  0.82 rOle6 and o.84rO 
half  angles of 40 and 30 degrees, respectively.  
(Figure 5 )  indicates  t h a t  f o r  a probe t i p  having an in t e rna l  diameter of 0.250 
inch and an  ex terna l  diameter of 1.000 inch, the  tot& heat input t o  the t i p  
is simply 

f o r  t i p  
The r e su l t i ng  re la t ionship  

It is  a l so  of i n t e r e s t  t o  consider the temperature d i s t r ibu t ion  produced by 
the  ex terna l  heat ing within t h a t  port ion of  t he  probe t i p  which i s  forward of the 
i n t e r n a l  cooling passages. 
an i n t e g r a l  energy balance with the  assumption t h a t  temperature gradients normal 
t o  the  heated surface a r e  small i n  comparison t o  var ia t ions  p a r a l l e l  t o  the 
exposed surface.  

The temperature d i s t r ibu t ion  can be estimated from 

With t h i s  assumption the energy balance re la t ionship  i s  

and 

Therefore 

o r  

12 
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b The right-hand s ide  of t h i s  equation may be expanded i n  a power series and then . in tegra ted  t o  y i e l d  

. 

with 

d =  0.375 (34) 

,a= 1 -  kancPcot8 ( 3 5 )  
2 

The r e su l t i ng  tempergture d i s t r ibu t ions  for  t i p  half angles of 30 and 40 degrees 
are i l l u s t r a t e d  i n  Flgure 6 It is  noticed that at a s tagnat ion point  heat ing 
rate (4, fl~) of 6000Btu/ft3~2-sec a uncooled t i p  length  of 0.20 inch t h a t  the  
leading edge is  1230 F and 700°F higher in temperature than the  cooling passage 
walls w i t h  t i p  h a l f  angles of 30 and 40 degrees, respect ively.  

B. External  Probe Body 

I n  order  t o  determine the  heat t r ans fe r  t o  the  cy l indr ica l  main body of t h e  
probe, the flow alonq the  probe t i p  was assumed t o  pass through a Prandtl-Meyer 
expansion having a turn ing  angle equal  t o  t h e  t i p  ha l f  angle. 
the  rear of the  conical  t i p  (Mi) was determined from the  predict ions of Chernyi 
as t o  the  l o c a l  denri ty ,  pressure, and velocity,  and the  de f in i t i on  of Mach 
number 

The Mach number a t  

L 

M = u1 /(?SP/p)l" (36) 

Therefore, 

I n  order  t o  s implifg t h e  heating analysis it was assumed t h a t  the  pressure,  
veloci ty ,  and densi ty  remained constant along t h e  e n t i r e  length of t h e  cy l ind r i ca l  
probe body. 
p l a t e  r e l a t ionsh ip  

The 'h~tj t r a n s f e r  r a t e  was obtained f r o m  the  standard laminar f l a t  

where s t a r r e d  quan t i t i e s  are evaluated a t  t he  reference enthalpy 

h, - 
with* being t h e  k c o v e r y  fac tor ,  and 
flow f i e l d  given by 

the s t a t i c  enthalpy (he) i n  the  external 

14 
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The r e su l t i ng  heating rates as a function of the  stagnation point  heat t r a n s f e r  
( 4  vN) are presented i n  F i g u r e 7 .  
beeween the  results obtained with the  two t i p  configurations both bodies may be 
considered t o  have the  same heating d is t r ibu t ion  (Figure 8). 

Since there was l i t t l e  or no difference 

The t o t a l  heat input t o  the cy l indr ica l  probe body may be obtained by 
in t eg ra t ing  the l o c a l  heat ing rates over the e n t i r e  surface 

with the  lower l i m i t  of in tegra t ion  being 

f o r  a probe body having inner and outer  r a d i i  of 0.125 and 0.500 inch, 
respect ively.  Hence 

& 

.. 

The t o t a l  heat  input t o  t h i s  port ion of the probe system is 
A t  a s tagnat ion poin t  heating rate, (QsG), of 600 Btu/ft$2-sec the  t o t a l  hea t  
input t o  an  8 inch long cy l indr ica l  section would be 25 Btu/sec and 28 Btu/sec 
f o r  probes having t i p  half  angles of 30 and 40 degrees, respect ively.  

ep ic ted  i n  F igu re9  . 

C. Rear Sections of Probe 

The rear sec t ions  of the probe consist  of a open nosed conical  sec t ion  
which i s  used t o  securely f a s t en  t h e  external  probe t o  the mounting socket on 
the  t o p  of t he  strut, and the ex terna l  surfaces of the mounting socket.  
open nosed conical  f'astener has a 30' half angle, and minimum and maximum 
diameters of 1.00 inch and 1.312 inch, respectively.  The ex terna l  diameter of 
the  mounting socket is 1.312 inch and it has an overa l l  length of 3.500 inches. 

The 
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The hea t  t r a n s f e r  rates on these rear surfaces  were determined i n  a manner . 
similar t o  those discussed above. 

densi ty  and pressure d i s t r ibu t ions  on the  conical surface which are considerably 
d i f f e ren t  f r o m  what would be r dicted by Chernyi's ana lys i s .  This i s  demonstrated 

re-entry vehicles.  Nevertheless, Chernyi's ana lys i s  was used t o  e s t a b l i s h  the f low 
f i e l d  over t h i s  sect ion.  The flow f i e l d  properties were assumed t o  remain constant 
over the  remainder of t he  probe. This approach r e s u l t s  i n  heating rates higher 
than what would be expected i n  prac t ice  since it makes no allowances f o r  the 
reduction i n  heat ing downstream of the Prandtl-Meyer expansion a t  the  r ea r  of the  
conical  port ion.  
remaining probe sec t ions  are i l l u s t r a t e d  in  Figure 10. 

It i s  recognized that the  presence of the 
.) boundary l aye r  along the  cy l ind r i ca l  portion of the probe r e su l t s  i n  veloci ty ,  

by the  study of Faye-Petersen B97 on the flow f i e l d  about the  conical  s k i r t  of 

The r e su l t i ng  heat t r ans fe r  rates a t  the  midpoint of the  two 

These heating rates were assumed t o  be representat ive of those experienced 
over t he  e n t i r e  surface and were used t o  determine the  t o t a l  heat  input  t o  t h i s  
port ion of the probe from the simple equation 

The t o t a l  heat input t o  t h i s  port ion of  the probe is  i l l u s t r a t e d  i n  Figure I \  . 
The t o t a l  heat  input t o  a l l  exposed surfaces of the ex terna l  probe were used 

t o  determine the  heat  load f o r  t h i s  portion of the  system as i l l u s t r a t e d  i n  
Figure M, . 
D. Probe S t r u t  

The probe s t r u t  has a semi-circular leading edge with a radius of 0.375 inch 
and the  width of the  s t r u t  i s  0.750 inches. The length of t he  ex te rna l  surfaces 
parallel t o  the  ex terna l  flow f i e l d  is 3\ inches and the  rear of the  s t r u t  i s  
semi-circular,  a l so .  

.b 

L 

The l o c a l  heat  t r ans fe r  rate on t e eading edge of the s t r u t  was obtained 
from the  ana lys i s  of Hankey and Neuman w as shown i n  Figure \3 . The stagna- 
t i o n  heat ing r a t e  obtained on the strut was determined from the  simple re la t ion-  
sh ip  

The l o c a l  heat  t r a n s f e r  rate on the p a r a l l e l  s ides  of the  s t r u t  was evaluated 
from the  standard laminar f l a t  p l a t e  heating re la t ionship  

Flow proper t ies  over t h i s  port ion of the ex te rna l  surface were evaluated 
assuming that the  flow passed through a Prandtl-Meyer expansion f r o m  the  s tagnat ion 
& i n t  with a t o t a l  tu rn ing  angle of 90 degrees. The local heat ing rates obtained 
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i n  t h i s  manner are i l l u s t r a t e d  i n  Figure 14. . 
The l o c a l  hea t  t r a n s f e r  rates on a l l  the exposed s t r u t  surfaces  were 

S 

integrated t o  obtain t h e  t o t a l  heat input to  t h i s  port ion of the system as a 
funct ion of free stream conditions and t h e  width of the flow f i e l d .  For the  
purposes of t h i s  ana lys i s  it was assumed that the  AIiMSEF exhaust stream was 
un i fom and t h a t  it was possible t o  expose a length  of s t r u t  which was equal t o  
the  nozzle e x i t  diameter. 
illustrated i n  Figure 15. 

The r e su l t i ng  t o t a l  heat  input t o  the s t r u t  i s  

A. Probe T i 2  

The proper funationing of the probe system as a mass f lux  (&, U,) device 
i s  governed pr imari ly  on the  a b i l i t y  of the sampling system t o  pass the flow 
without choking due t o  f r i c t i o n .  
the  sampling t r a i n  were too large,  the  flow at the  rear end of t he  t r a i n  would 
be sonic and the mass flow which could be aspirated through the system would be 
l i m i t e d  and would be independent of free stream mass flux. It has been Avco's 
experience t h a t  i n  probes of t h i s  type, the gas flow through the  system would 
depend so le ly  on the  impact pressure o f  the stream. It i s  a l so  required t h a t  t he  
port ion of the  sanple l i n e s  w i t h i n  the in te rna l  calor imetr ic  probe be of s u f f i c i e n t  
length t o  cool the  asp i ra ted  gas sample t o  a temperature l e v e l  which can be measured 
with a thermocouple. 

If t h e  combined length-to-diameter r a t i o  of 

The primary concern i n  insuring the  surv ivabi l i ty  of the i n t e r n a l  probe i n  
a high enthalpy gas stream is  centered about t he  heat t r a n s f e r  rates and tempera- 
ture d i s t r ibu t ions  near the leading edge of t he  probe. 
determining the  heat ing rates within the sampling tube it was assumed that  the  
mass flow through the probe was equal t o  the free stream mass f lux  and that the  
flow was free of shocks. 

0 For the  purposes of 

The l o c a l  heating rate may be determined from 

where starred quant i t ies  are evaluated at the reference enthalpy defined by 
equation 39. 
tube is  presented in Figure 16 f o r  several  AFMSEF operating conditions.  A s  a 

The l o c a l  heat  t r ans fe r  ra te  at a distance of one diameter down the 

first approximation it is  seen the  

(D.) = (49) 

As shown i n  Figure I?, the  leading edge of  t he  i n t e r n a l  probe i s  uncooled f o r  
a considerable length and as was the case with the  ex terna l  probe it is  of i n t e r e s t  
t o  determine the  temperature d i s t r ibu t ion  within t h i s  port ion of the  probe. 
i n t e g r a l  energy balance f o r  the uncooled t i p  i s  simply 

An 
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where temperature gradients  normal t o  the tube ax i s  have been neglected. 
define a heat t r ans fe r  rate (4,) as t h a t  obtained i n  a s t r a i g h t  tube a t  a distance 
of one tube diameter back from the probe t i p  then the l o c a l  heat ing rate i s  simply 

I f  we 
.I 

. 

o r  s ince the mass flow through the tube i s  constant at any a x i a l  s t a t i o n  

Therefore after in tegra t ing  equation 

The area of  the wall available f o r  heat conduction is  

A , = T  (r;-r:) 
w i t h  

V I =  r~+xSav\K 

, 
which results i n  

A f t e r  subs t i t u t ion  of t h i s  expression into equation 54 and rearranging terms 
it i s  found that 

( 5 7 )  

( 5 8 )  



a 
which may be in tegra ted  d i r e c t l y  t o  give 

For small values of d (and p ) 

Therefore allowing equation 61 t o  be s implif ied considerably t o  the  following 

L 

I f  t h e  f u r t h e r  r e s t r i c t i o n  is  placed t h a t  the  angle P s h a l l  not exceed 10 degrees 

A t  a heat  flux of 580 Btu/ft2-sec and a t o t a l  t i p  half angle 20 degrees, a 
temperature drop of 1600°F (Figure \8 ) i s  obtained when x and Do are assigned 
values of 0.126 inch and 0.250 inch, respectively.  

It i s  a l s o  iequired t o  obtain some estimate as t o  the  f i n a l  temperature 
of the  gas stream leaving the sampling tube o r  conversely what length of 
sampling tube is  necessary t o  decrease the gas temperature t o  approximately 
2000'F. 
passes through a normal shock immediately after en ter ing  the  sampling tube. 
An energy balance on the  gas stream i s  simply 

For the purpose of t h i s  estimate it i s  assumed t h a t  the  asp i ra ted  flow 

(10) is where t h e  Nusselt number given by 
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with t h e  constants being 

NU, = 3.66 

K1 K2 Region n 

Entrance 0.104 0.016 0.8 

Fully Developed 0.0668 0.04 2.3 

The maximum length of  tube would be obtained i n  the  case where 

NU = NU, =3.66 (68) 
Since the  var ia t ion  in ReD i s  a d i r ec t  resu l t  of changes i n  v iscos i ty  with 
temperature, equation 66 may be rewri t ten as 

Defining - 

The energy balance may be wri t ten as 

which can be integnrted t o  give 

33 



and 

with subscr ip ts  w and f r e fe r r ing  t o  properties evaluated a t  the  w a l l ,  and f i n a l  
gas temperatures, respect ively.  Equation 75 may be rewri t ten as 

The two enthalpy functions indicated i n  the above expression were evaluated and 
are i l l u s t r a t e d  i n  Figures 19 and 20. Equation 77 was employed t o  evaluate the  
e x i t  gas temperature as a function of f ree  stream enthalpy, tube length and 
i n i t i a l  Reynolds number as shown i n  Figures 21 and 22. This analysis  ind ica tes  
t h a t  f o r  a l l  conditions l i s t e d  i n  Table I with the  Exception of condition 1 the  
e x i t  gas stream has 8 temperature of  less than 1500 R if  the  sample tube 
(0.250 inch diameter) i s  8.0 inches i n  length. However, t he  same e x i t  tempera- 
ture f o r  condition 1 can be achieved only i f  t he  sampling tube i s  56 inches i n  
length.  

c 

PROBE COOLING HEQUIRBENTS 

The amount of forced convection cooling necessary t o  pro tec t  the ex terna l  
surfaces  of the  probe from the  environment was establ ished from an evaluation 
of coolant pressure drop, coolant convective heat t r a n s f e r  coef f ic ien ts ,  and the  
t o t a l  coolant temperature rise. For this ana lys i s  the  probe system is  considered 
t o  have two coolant suppl ies  one of which is  employed i n  cooling the  ex te rna l  
probe surfaces and the second which is used exclusively i n  the  calor imetr ic  
probe. Each of t h e m  streams is  considered separa te ly  i n  the  following sect ions 
of t h i s  report .  

A. Pressure Drop 

The coolant pressure drop i n  each section of the  ex terna l  probe cooling 
passages may be determined from 

34 
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Condition No. 

Mass Flow Rate, lb/sec 

Plenum Pressure, atm 

Eht halpy , h /RTo 

Throat Diameter, in 

Nozzle Diameter, in 

Impact Pressure, atm 

Mach No. 

Heating Rate ( 4  cN), 
Btu/ft 3 /2 ~ -see 

TABLE I 

ARMSEF OPERATING CONDITIONS 

1 

1.00 

7.83 

118 

1.50 

5 .o 
1.30 

3 -2 

157 

2 

1 .oo 

7-83 

118 

1.50 

25.0 

0.072 

5.3 

40 

3 

0.04 

2.64 

766 

0.75 

5.0 

0.14 

3.0 

390 

4 

0.04 

2.64 

766 

0.75 

25.0 

0.008 

5.6 

99 

5 

0.10 

1.65 

766 

1.50 

5.0 

0.29 

3.2 

575 

6 

0.10 

1.65 

766 

1.50 

25.0 

0.016 

5.0 

140 
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c . 
a pa r t i cu la r  port ion of 
the  pressure drop experienced 

where subscr ip ts  1 and 2 refer t o  the  i n l e t  and o u t l e t  t o  
c t h e  probe system. The quan t i t i e s  F, Fc, and F e q  contain 

by t h e  f l u i d  i n  changing d i rec t ion  ( e ,g .  elbows), and changes i n  cross  sec t iona l  
area of  the  flow. 

are 

. I n  pa r t i cu la r ,  t h e  pressure losses ,  over and above those 
y a t t r i b u t a b l e  t o  changes i n  velocity, which are incurred i n  an expansion 

where subscr ipts  1 and 2 r e f e r  t o  the  smaller and l a r g e r  cross sect ions,  

given by 
. Similar ly  i n  a contraction, the  addi t iona l  pressure drop is  

L F,= K c  pub 
2 where 

I n  i t s  path through the  probe the coolant was assumed t o  flow through the  
following channels. 

a )  

b )  

c )  

a 0.250 inch diameter c i r c u l a r  $ube 31.0 inches i n  length 

a 1.250 inch wide by 0.250 inch high rectangular channel 

a t o t a l  of 19 parallel c i r c u l a r  passages 0.078 inch diameter 
1.875 inches long 

d) a 0.078 inch by 1.00 inch s l o t  

e )  a - t o t a l  of 36 parallel c i r cu la r  holes 0.032 inch diameter 

f) a 6.75 inch long annular channel, 0.650 inch I D  by 0.750 inch OD 

g) 

h )  

i) 

j )  

k) 

1) 

m) 

n)  

a t o t a l  of 45 parallel c i r c u l a r  holes, 0.032 inch diameter 

a rectangular  s l o t  0.032 inch b y  0.500 inch 

a t o t a l  of 45 parallel c i r c u l a r  holes, 0.032 inch diameter 

a 6.75 inch long annular channel, 0.800 inch I D  by 0 . 9 0  inch OD 

flow t h r o a  4 0.250 inch diameter holes 

flow through 2 s l o t s ,  0.062 inch by 0.312 inch 

flow through a 0.250 inch diameter hole 

flow through a 0.250 inch diameter tube 31.0 inches i n  length 

40 
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. It was a l s o  assuming that during t h i s  process, the flow p s s e d  through a t o t a l  
of 10 n ine t ry  degree elbows. 

b 

"he re su l t i ng  pressure drop is i l l u s t r a t e d  i n  Figure 22. The coolant 
pressure at  the  probe t i p  i s  a l s o  included i n  Figure=. 

A similar procedure was followed i n  determining the  pressure drop 
experienced by the  calor imetr ic  probe cooling water a t  various flow rates. 
t h i s  instance the  coolant was assumed to  flow through the  following sequence 
of passages : 

a)  

b )  

c )  

d)  

e )  

I n  

a 0.250 inch diameter tube 31.0 inches i n  length 

two parallel rectangular passages 0.318 inch by 0.063 inch 

a t o t a l  of 16 p a r a l l e l  0.063 inch diameter holes 

an  annular space 0.546 inch OD by 0.400 inch I D  

a n  annular channel 0.460 inch OD by 0.400 inch I D  which has a length 
of 6.80 inches 

f )  a 180 degree t u r n  at the  probe t i p  

g) an  annular channel 0.300 inch I D  by 0.360 inch OD which has a length 
of 7.50 inch 

h )  flow through two 0.250 inch diameter holes 

i) flow through a rectangular channel 0.312 inch by 0.046 inch 

j) 

k) 

1) 

flow through a s ingle  0.250 inch diameter hole 

flow through a 0.250 inch by 0.050 inch rectangular  channel 

flow through a 0.250 inch diameter tube 31.0 inches i n  length 

The re su l t i ng  pressure drop as a function of coolant flow rate i s  i l l u s t r a t e d  
i n  Figure 24. 
t i p .  

Also included i n  Figure 24 i s  the  coolant pressure a t  the probe 

I 

I n  a similar fashion, the  pressure drop a t  various coolant flow rates which 
would be obtained i n  flow through the probe s t r u t  were calculated (Figure 25). 

B. Heat Transfer 

I n  addi t ion  t o  these  considerations,  the l o c a l  convective cooling heat 
transfer coe f f i c i en t s  a t  c r i t i c a l  locations within the  probe were evaluated i n  
order  t o  e s t a b l i s h  the maximum surv ivabi l i t  
l o c a l  hea t  transfer coe f f i c i en t  is given by 

m i t s  of  the  probe system. The 
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f o r  Reynolds numbere i n  excess of 10,000. 
t r a n s f e r  co r re l a t ion ( l5 )  shown i n  Figure 26 was u t i l i z e d .  Regions of t h e  probe 
which were of primary concern i n  t h i s  portion of  t he  design included the  
forward edge of t he  i n t e r n a l  probe, the forward edge of the ex terna l  probe, and 
the  leading edge of the  s t r u t .  

A t  lower Reynolds numbers, t h e  heat 

.I 

1. In te rna l  Probe 

The cooling water channels at the forward port ion of the in t e rna l  probe 
flows through an annular channel having a width of 0;020 inch. 
diameter (De) of an annular channel i s  given by 

The equivalent 

where A is the crose sec t iona l  a r ea  of the channel and P is  the wetted perimeter. 
Using the  propert ies  of water a t  an assumed temperature of 100°F, the l o c a l  con- 
vective heat  t r a n s f e r  coef f ic ien t  was found t o  vary with water flow rate i n  the 
manner shown i n  Figure 27. The i n t e r n a l  wall temperature as a function of flow 
rate and heat  t r a n s f e r  rate i s  given by 

and are il us t ra ted  i n  Figure 28 f o r  heat t r ans fe r  rates i n  the range of 100 t o  
600 Btu/f t  -sec. 
temperature as a function of coolant flow rate and i n l e t  water pressure which may 
be obtained from the  computed cooling water pressure drop and the  vapor pressure 
curve f o r  water. It i s  obvious i n  those s i tua t ions  where the  w a l l  temperature 
as calculated from equation 85 exceeds the sa tura t ion  temperature t h a t  bo i l ing  
w i l l  occur. 

h Also included i n  Figure '28 are the  cooling water sa tura t ion  

. 
I n  these s i t ua t ions ,  the heat t r ans fe r  ra te (16)  i s  given by 

$&hL = %CONVECTION + % ' B O I L I N G  ( 8 6 )  

where the  convection heat  t r A s f e r  i s  ob i n  the  manner described above and 
the  heat t r ans fe r  i n  the  boi l ing  process 

Since a l l  the f l u i d  propert ies  are a function of s a tu ra t ion  pressure 

where K(P) is a funct ion of sa tura t ion  pressure as shown i n  Figure 29. Hence 

The t o t a l  heat transfer rate due t o  both convection and boi l ing  is  i l l u s t r a t e d  
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c 
i n  F i g u r e s .  
t h a t  cooling water having an  i n l e t  pressure of 300 ps i a  flowing a t  a rate of 
1 .5  gpm is  s u f f i c i e n t  t o  maintain the in t e rna l  wall temperature at a temperature 
of 480'~. 
tube i s  simply 

The calculat ions show t h a t  a t  a heating r a t e  of 1500 Btu/ft2-sec 

F The temperature drop across the 0.025 inch wall of the  copper sampling 

o r  51 degrees at  1500 Btu/ft2-sec making the temperature of the  heated surface 
531OF. 

Since the  energy absorbed by t h i s  coolant stream is  used d i r e c t l y  i n  the 
determination of gas enthalpy by means of an energy balance: 

it is  r ead i ly  apparent t h a t  the  magnitude of the  cooling water temperature rise 
must be such that the  accuracy of t he  measurement does not su f f e r .  The cooling 
water temperature r ise was estimated by assuming t h a t  the gas leaving the probe 
was at  an enthalpy of 266 Btu/lb (8 W0). 
then 

The coolant water temperature r i s e  is  

which results i n  the  temperature r i s e  curves shown i n  Figure 31 f o r  nozzle 
diameters (%) of 5.0 and 25.0 inches and a probe sampling tube diameter of 
0.250 inch. Also included i n  Figure31 are the  minimum cooling water flow rates 
required t o  prevent bo i l i ng  within the cooling channels as a function the stagna- 
t i o n  point  heating rate (Figure=) since it i s  desirable t o  eliminate bo i l ing  
whenever possible.  Typical examples of t h e  use of t h i s  f i gu re  are given below 
f o r  t he  following free stream conditions: 

Condition 3 

Btu/lb 26000 

if, lb/sec 0.04 

i n .  5.0 

q 5, B t ~ / f t ~ / ~ - s e c  390 

"ho, Btu/sec 1040 

For condition 3, t h e  minimum flow rat 

4 

26000 

0.04 

25.0 

99 

1040 

t o  prevent b o i l i  g a t  a 400 psi in1 t 
pressure i s  0.69 gpm. A t  t h i s  flow and f o r  a t o t a l  free stream energy flux of 
1040 Btu/sec the coolant temperature r i s e  i s  found t o  be 260F. 
however, the  same procedure results i n  a coolant temperature rise of 1 . 4  F which 

For condition 4 
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i s  c l e a r l y  not suf f ic ien t  t o  insure reasonable accuracy f o r  t he  system. 
the  flow rate t o  a value which would produce a 10°F temperature r i s e  implies a 
coolant flow of 0.044 gpm. Referring t o  Figure=, it is  found t h a t ,  a t  t h i s  flow 
rate, bo i l ing  would occur and the w a l l  temperature would be approximately 30 '~ 
above the  sa tura t ion  temperature. 

Reducing 

8 

It is  noted t h a t  the above discussion has considered the  convective heat  
t r a n s f e r  coef f ic ien t  t o  be equal t o  that which would be obtained i n  f u l l y  developed 
flow i n  smooth passages. I n  r e a l i t y  however the coolant flow is  i n  the  process of 
negot ia t ing a 1-65 degree change i n  flow direction. 
drop experienced by f l u i d s  flowing through such a bend (''7 it is expected that the 
l o c a l  heat t r ans fe r  coef f ic ien t  would be increased by a f a c t o r  of 60 over t h a t  
obtained i n  smooth channels. A t  any par t icu lar  heat  f l ux  it i s  expected t h a t  the  
difference between the yall and f l u i d  temperatures would by less than those shown 
i n  Figure Z8 would be reduced by the  same fac tor .  If it is assumed t h a t  t he  heat 
t r a n s f e r  coef f ic ien t  i s  increased by a factor  of  10 over t h a t  i l lustrated i n  
F igure27 ,  bo i l i ng  does not occur a t  any of the  ARMSEF conditions l isted i n  
Table I even when the  coolant flow i s  adjusted t o  produce a temperature rise of 

By a logy with the pressure 

' 10°F. 

2. Externa l  Probe Tip 

Local heat  t r a n s f e r  coef f ic ien ts  i n  the cooling channels behind the conical  

Included i n  t h i s  i l l u s t r a t i o n  are convective cooling coef f ic ien ts  
t i p  of the  ex terna l  probe were determined i n  a similar manner and are i l lustrated 
i n  Figure 33. 
at  various o ther  posi t ions along the  external  probe cooling passages. 
probe t i p  convective cooling coef f ic ien ts  were used t o  calcuate  the  w a l l  temperature 
on the surface of the  cooling passage i n  the manner discussed above. 
these temperatures with the  sa tura t ion  temperature of t he  cooling water (Figure%+ ) 
it was determined that it was possible t o  cool the ex terna l  probe t i p  without 
bo i l i ng  occurring at a l l  the A€MSEF conditions l i s t e d  i n  Table I. 

The externa l  

By comparing 

L 

3. S t r u t  

The c r i t i c a l  area of concern i n  the  heat t r ans fe r  ana lys i s  of the  probe 
d 

s t r u t  i s  the  leading edge of t h i s  portion of the  system. 
coe f f i c i en t s  were computed from the  turbulent flow re la t ionship  

Local heat t r a n s f e r  

and are i l l u s t r a t e d  i n  F i g u r e s  f o r  various w a l l  temperature with the  coolant 
assumed t o  be a t  100'F. 
i n  Figure 36. 
ture of t he  cooling water as a function o f  flow rate demonstrates that bo i l ing  
w i l l  not occur if  the  l o c a l  heat ing r a t e  is below 1700 Btu/ft2-sec. 
corresponds t o  a s tagnat ion l i n e  heat t ransfer  rate (4, FN ) of  425 Btu/ft3l2-sec. 
However s ince there  I s  considerable l a t e r a l  conduction with$# the  ex terna l  s h e l l  
of the s t r u t ,  t he  amount of coolant available would be s u f f i c i e n t  t o  cool the  
strut a t  a considerably higher heat  f lux  leve l .  For example, i f  lateral conduc- 
t i o n  could be coneldered t o  produce a uniform temperature on the  rear surface 
s t r u t  leading edge, then coolant flow mailable is  su f f i c i en t  t o  cool t  t he  device 
a t  an  average leading edge heat ing rate of  1700 Btu/ft2-sec. 
level is equ€valent t o  a s tagnat ion point heat ing rate (is MD] of 475 Btu/ft3/2-sec. 

Wall temperatures a t  various heat ing rates are shown 
A comparison of the wall temperatures and the  sa tu ra t ion  tempera- 

This 

i s  average f lux  

54 . 
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. 
I n  a c t u a l i t y  however, t he  real convective heat t r ans fe r  l i m i t  w i l l  be somewhere 
between the  two V a l  es c i t e d  above ( the  average of these two values i s  

w i l l  be su f f i c i en t  t o  provide the  necessary protect ion of the s t r u t  from i t s  
environment even a t  the  most severe conditions produced by the  AMEF with, a t  
most, a minimum amount of  bo i l i ng  a t  the maximum heating condition. 

4 cN = 585 Btu/ f t3  Y *-see). Hence it is expected that the cooling water available 

There i s  however a small region along the s tagnat ion l i n e  of the s t r u t  where 
in t e rac t ion  of the  probe bow shock with the shock on the  s t r u t  leading edge r e s u l t s  
i n  augmentation of the  localheat  t r ans fe r  ra te  by an approximate f ac to r  o f  two. 
This shock in te rac t ion  region is  confined t o  a region having a width 
.0.3 s t r u t  leading edge diameters (0.225 inch). A s  shown by Comfort(97 i n  h i s  
i n t e g r a l  ana lys i s  of lateral heat conduction within the  in t e rac t ion  region, the 
ex terna l  surface temperature on the s t r u t  leading edge can e a s i l y  be maintained 
a t  less than 800°F. 

f approximately 

STRESS ANALYSIS 

The s t r e s ses  i n  c r i t i c a l  areas of t he  probe were examined t o  insure that' t he  

The areas 
various tubes,  e t c .  used t o  f ab r i ca t e  the  instrument have s u f f i c i e n t  s t rength  t o  
withstand the  maximum loading expected during operation of the device. 
examined included the  outer  and inner  she l l s  of both the  ex te r io r  and inner 
probes, and the  outer  s h e l l  o f  the  water cooled s t r u t .  I n  regions where there  
i s  no heat t r ans fe r ,  the  stresses i n  the s t ructure  are due t o  pwssure  loading 
alone, however i n  regions where the re  are temperature gradients  thermal stresses 
must be considered, a lso.  

The outer  shel l  of the  e x t e r i o r  probe consis ts  of a copper tube having inner 
u and outer  diameters of 1.000 inch and 0.900 inch, respect ively.  A t  a in t e rna l  

pressure of 600 psia ,  the s t r e s s  i n  t h i s  portion of the probe caused by pressure 
loading is  simply 

Since there- i s  heat t ransfer red  through th i s  w a l l ,  thermal s t r e s ses  must be 
considered, a lso.  
may be determined f r o m  

The($tf$rmal s t r e s ses  on the  outer  and inner  surface of a tube 

I where the temperature difference across the w a l l  i s  given by 

59 
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For the  case where the  heat t r a n s f e r  occurs on the  ex terna l  surface of tube, the 
thermal stresses result i n  a compressive loading on the  e x t e r i o r  and a t e n s i l e  
stress on the  i n t e r i o r  wall. 
found t h a t  with the  following propert ies  o f  copper 

A t  a heat t ransfer  r a t e  of 320 Btu/ft2-sec it was 

k = 220 Btdft-hr-OF 

6 
E = 15.6 x 10 ps i  

m = 0.355 

The thermal stress on the  inner tube w a l l  was calculated t o  be 2900 p s i  ( tension)  
and -2780 p s i  (compression) on the  inner wall. 
8600 p s i  and 2920 p s i  on the inner  and outer surfaces.  
w e l l  below the y i e ld  point of deoxidized copper: 

Hence the  combined stresses are 
The maximum stress i s  

12000 t o  14000 ps i .  

A similar procedure was .followed i n  determining the  stresses i n  the  external 
walls of t he  strut. Since pressure loading produces the maximum stress when the 
width of t he  s t r u t  i s  a maximum, s t r e s ses  were calculated f o r  the  s ides  of t h i s  
member which are p a r a l l e l  t o  the  flow f i e ld .  
due t o  pressure loading f o r  a s t r u t  width of 0.750 inch and a w a l l  thickness of 
0.0625 inch is 3300 p s i  ( tens ion) .  

A t  a pressure of 600 psia ,  the stress 

The s t r e s s  produced by a temperature gradient 
J i n  the wall of the s t r u t  i s  given by  

which r e s u l t s  i n  a tensi le  stress of 3400 p s i  
Hence the  maximum stress on the  strut wall i s  

a t  a heat f l ux  of 170 Btu/ft2-sec. 
6700 ps i .  

. 
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I V .  SAMPLING SYSTEM DESIGN . 
The measurement of the  l o c a l  gas enthalpy within the  exhaust j e t  by energy 

balance techniques with an enthalpy probe requires accurate  knowledge of t he  
mass flow of t he  asp i ra ted  gas. If more information concerning the  proper t ies  
(densi ty  and ve loc i ty )  of the  flow f i e l d  i s  required it i s  a l s o  necessary t h a t  
the  asp i ra ted  gas sample f l o w  r a t e  be iden t i ca l  t o  t h a t  i n  the  f r e e  stream. 
s a t i s f y  t h i s  condition, t he re  i s  a maximum pressure drop which can be experienced 
by the  gas sample and ye t  allow the  probe t o  operate co r rec t ly .  
i n  t h i s  manner, the  probe has "swallowed t h e  bow shock" and operates as a mass 
f lux  measuring device. If the  pressure drop i n  the  sampling system i s  allowed 
t o  exceed the  maximum allowable value, the  flow through the  sampling t r a i n  ad- 

. j u s t s  t o  some value less than t h a t  i n  t h e  f r ee  stream and there  i s  a bow shock 
off t he  leading edge of the  probe t i p .  The design of t h e  sampling t r a i n  there-  
fo re  i s  of c r i t i c a l  concern i f  t he  instrument i s  desired t o  be capable of measur- 
ing l o c a l  free stream mass f lux  i n  the AREaSEF. 
por t ion of t h e  probe design i s  i n  the  pressure drop experienced by the  flow i n  
passing through the sample system. 

To 

While operating 

The primary concern i n  t h i s  

Probe and S t r u t  Pressure Drop 

The pressure drop experienced by t h e  asp i ra ted  gas sample i n  flowing through 
the  0.250 inch I.D. sampling l i n e s  contained within t h i s  port ion of t h e  system 
w a s  determined with the  following assumptions. It was assumed t h a t  t h e  flow 
passes through a normal shock immediately a f t e r  enter ing the  gas sampling tube 
and t h a t  due t o  the  low Reynolds number of the  flow cooling of the  gas t o  a low 
temperature (& 1000°R) takes  place within, a shor t  dis tance of t he  probe t i p .  
The change i n  pressure accompanying the  cooling process w a s  assumed t o  be 
negl ig ib ly  small. 
i s  equal t o  t h a t  immediately downstream of a normal shock and the  Mach number 

Y 

With these assumptions, the  pressure a t  the  t i p  of t he  probe 

4 of the  flow i s  given by 

where T The pressure drop r e su l t i ng  from flow down 
the sam li g tube can be obtained from the compressible flow analysis of 

maximum length of tubing, defined as t h e  length required t o  produce sonic flow 
a t  the  downstream end, which i s  given by 

i s  assumed t o  be 1000°R. 

Shapiro k21P . Shapiro shows t h a t  f o r  any given i n i t i a l  Mach number the re  i s  a 

where f i s  the  mean f r i c t i o n  coef f ic ien t  defined as 
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b 

and 
. -C= -C( ReD) 

Shapiro further demonstrates that the length of duct required for the flow to 
pass from a given initial Mach number, M1, to a final Mach number, M2 is given 
by 

(103) 

In addition, the change in pressure resulting in flowing from M1 to sonic flow at 
(L/D)max is simply 

.( 104 ) 

* 
where f~ 
accompanying the flow from the initial Mach number (M1) to its final value (M2) 
can in turn be obtained simply from 

being the pressure at (L/D)max (i.e., M = 1.0). The change in pressure 

(105 

Equations 100 and 104 are illustrated in Figures 37 and%, respectively. 

is as follows. The sampling line within the probe and strut is assumed to be 
41 inches in length and to contain two 90 degree bends which for a 0.250 inch 
diameter line results in a total equivalent length of 225 tube diameters. 
a flow which has an initial Mach number of 2.3 x 

A typical sample of the method employed in evaluating the pressure drop 
A 

For 
and a Reynolds number of 

15.3 

4’ 

and 

- \350 ( 108 

The Mach number of the flow at the end of this portion of the sampling line 
corresponds to that at which 
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Referring to Figure*, it is found that the Mach number of the flow has increased 
to 4.8 x 
pressures at the inlet and outlet are given by 

From the initial and final Mach numbers, it is found that the 

Pt lp* = 
Initial and final conditions for other typical A R "  operating points are listed 
in Table 2. 

Pumping Requirements 

The size of the vacuum pump necessary to insure that the sampling system is 
capable of aspirating the required mass flow rates at the pressures expected can 
be determined by comparing pumping speed curves (volumetric flow rate as a 
function of inlet pressure) with the expected flow properties. 
is shown in Figure=, included in this illustration are expected pressures at 
various mass flow conditions at A€MSEF. The inlet pressure to the pump as ob- 
tained from the pumping curve must be lower than the line pressure in order to 
have a feasible system. lb/sec 
at a calculated pressure of 186 mm Hg the inlet pressure to the pump is given by 
the interesection of the pumping curve, and the constant mass flow line shown in 
Figure 39 as 14 mm Hg. 
pumping requirements of the probe system. 

A typical example 

Alternately for a mass flow rate of 2.5 x 

Hence the particular pump illustrated would satisfy the 

A comparison of the pump inlet pressures required for aspirating flow rates 
typicalpf those expected in ARMSEF and the calculated pressures in the probe 

aspirated flow with either orifice plates o r  Venturi flow meters. 
have the advantage that the output of the meter can be made a maximum value at 
any combination of flow rate and pressure; however, they do offer a high 
resistance to the flow. 
resistance to the flow due to the low pressure drop. 

a sampling lines (Figuree) makes it possible to consider measurement of the 
Orifice plates 

* On the other hand Venturi flow meters provide the least 

The maximum output signal which could be obtained with an orifice plate 
would result if the orifice diameter were made small enough to insure sonic flow 
through the flow meter. 
to the pressure immediately upstream of the orifice and is given by 

In this case, the flow rate is directly proportional 

which for air may be written simply as: 

A direct comparison of the flow rate at various pressures and orifice diameter 
and the actual line conditions expected in A.€USEF is given in Figure40. 
is seen that it may be possible to use a 0.100 inch diameter orifice to measure 
all the flows expected at ARMSEE'. 

It 
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TABLE I1 

SUMMARY OF CONDITIONS WITHIN SAMPLING LINES 

Condition 1 2 3 4 5 6 

F a c i l i t y  mass flow, lb/sec 1.00 1.00 0.04 0.04 0.10 0.10 

Gas enthalpy, h/RT 0 118 118 766 766 766 766 

Plenum pressure,  a t m  7.83 7.83 2.64 2.64 1.65 1.65 

Mach number 3 92 5.3 3.0 5.6 3 *2 5.0 

Probe ‘Variables 

fi lb/sec 
P’ 

El 
Re ( lOOOOR) 

f 

2. 5 x 1 f 3  l . ~ k l O - ~  1 . O X ~ O - ~  4. O X ~ O - ~  2. 5x1Om4 1.0~10- 5 

0.105 0.074 0.039 0.023 0.048 0 -033 

goo0 370 370 15.3 900 37 

0.0082 

8 ..3 

0.115 

1.18 

1.08 

820 

270 

45 
. 

0.043 

38.8 

0.091 

0.067 

0.055 

420 

11.0 

74 

0.043 

38.8 

0.043 

0.126 

0.114 

87 

11.0 

400 

1.04 0.017 

945 15.3 

0.048 0.051 

0.0074 0.260 

0.0038 0.244 

2.90 186 

0.47 26.5 

300 250 

0.432 

388 

0.053 

0.015 

0.00935 

7.10 

1.18 

250 
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V. MASS FWW CALIBRATION SYSTEM 

I n  essence the  ca l ib ra t ion  system ( F i g u r e 4 )  cons is t s  of two manifolded 
tanks of known volume each of which can be independently vented through a 
r e s t r i c t i v e  o r i f i c e  p l a t e  t o  provide a mass flow through the  flow meter being 
ca l ibra ted .  
o r i f i c e  and the  system vacuum pump thereby allowing the  meter t o  be ca l ibra ted  
a t  pressure l eve l s  comparable t o  those which w i l l  b e  encountered during opera- 
t i o n  of t h e  probe system in the  ABMSEF exhaust stream. 

The meter being invest igated i s  posit ioned between t h e  r e s t r i c t i v e  

The bas ic  procedure which i s  employed i n  ca l ib ra t ion  of the  flow meters 
i s  as follows. With the  e x i t  valves of the two gas reservoi rs  closed, the two 
tanks are loaded t o  a specif ied pressure,  Po, a t  which t i m e  they a re  i so l a t ed  
from the  gas supply. Gas i s  then allowed t o  flow from one t a n k  ( the  other  re -  
maining i s o l a t e d )  f o r  a measured time in t e rva l  through the  r e s t r i c t i v e  o r i f i c e  
and, i n  turn,  through the  flow meter being ca l ib ra t ed  and t o  the  vacuum pump. 
During t h i s  period the  response of the  meter i s  monitored and then it i s  once 
again i so l a t ed  from t h e  reservoi rs .  The t o t a l  mass flow from the  reservoi r  can 
then be calculated from var ia t ions  i n  the pressure and temperature changes i n  
the  reservoi r :  

where subscr ipts  0 and 1 r e f e r  t o  conditions immediately before and a f t e r  t h e  
experiment. 

pressure transducer between t h e  two reservoirs ,  i .e.,  

In  order t o  provide an accurate measurement of the f i n a l  pressure 
4 (P1)  i n  t h e  reservoir ,  it is.determined from the  response of a d i f f e r e n t i a l  

therefore  

Now i f  the  temperature changes within the system a r e  s m a l l ,  t h i s  may be wr i t ten  
as 

A m =  Pov [ %:\ (It6) 

R T  
Furthermore, with a volume l a rge  enough to  l i m i t  t h e  pressure change t o  l e s s  
than 5 percent,  t h e  mass flow rate through the  meter i s  simply 
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The volume of t he  reservoi r  required to  s a t i s f y  t h e  s t i pu la t ion  the  pressure 
changes are t o  be l e s s  than 5 percent is  eas i ly  es tab l i shed  from the  re la t ionship  

c 

which f o r  a mass'flow of 2.3 x 
i n i t i a l  loading pressure r e s u l t s  i n  a miniawn re se rvo i r  volume of 0.34 cubic 
f e e t .  
pipe.  
low rates, the  volume of the  second reservoir  was chosen t o  be 0.10 f t 3 .  
r e se rvo i r  volumes obtained i n  fabr ica t ing  the system were 0.1075 f t 3  and 
0.374 f t3 .  

lb/sec f o r  a 10 second period at 250 ps i a  

This volume corresponds t o  a length of 10 f e e t  of 2.50 inch ins ide  diameter 
To provide some means of obtaining a subs t an t i a l  pressure change a t  very 

Actual 

A series of ca l ib ra t ion  experiments were performed t o  determine the  loading 
pressures required t o  obtain mass flow ra tes  with the  r e s t r i c t i v e  o r i f i c e  p la tes  
t h a t  would be i n  the range expected i n  the ARMSEF. 
ca l ib ra t ed  by allowing gas (a i r )  t o  flow from the  l a r g e r  volume t o  the  smaller 
f o r  a measured time period. 
was computed from equat ionl17us ing  both the pressure r i s e  i n  the  smaller volume 
and the  pressure drop obtained i n  the  la rger  tank. 
curves a r e  shown i n  F igure42 ,  as expected each o r i f i c e  ( i n  the range of pressures 
employed) a c t s  as a sonic o r i f i c e  with the mass flow being d i r e c t l y  proport ional  
t o  t h e  pressure on the  upstre& s ide  of the o r i f i c e .  
f o r e  provide a means of obtaining mass flow rates of t h e  magnitude desired f o r  
the  ARMSEF f a c i l i t y  and hence can be used t o  c a l i b r a t e  t he  flow meters which a r e  
t o  be used during t h e  a c t u a l  probe experiments conducted i n  the  f a c i l i t y  
exhaust j e t .  It i s  evident from the d a t a  presented i n  Figure 4 2 t h a t  the a c t u a l  
o r i f i c e  diameters are considerably d i f fe ren t  from t h e  nominal diameters, f o r  
example comparing the  da t a  for 0.004 inch and 0.020 inch o r i f i c e s  the  r a t i o  of 
the  two mass flows i s  found t o  be 0.060. This is f i f t y  percent g rea t e r  than 
what would be expected from the  r a t i o  of the square of t he  nominal diameters 
(0.040). 

These o r i f i c e  p l a t e s  were 

The mass flow rate through these r e s t r i c t i v e  o r i f i c e s  

The r e su l t i ng  ca l ib ra t ion  

These o r i f i c e  p l a t e s  there-  

" 

Three o r i f i c e s  ranging i n  s i z e  from 0.0995 inch t o  0.140 inch i n  
diameter were ca l ibra ted  i n  the  m e r  discussed above with a i r  i n  t he  system. 
The r e s u l t s  of these  ca l ib ra t ion  tests are  i l l u s t r a t e d  i n  F igu re43  while 
similar da ta  obtained with argon and a 0.120 inch diameter o r i f i c e  p l a t e  a r e  
shown i n  F igu red4 .  The mass flow through the  o r i f i c e  p l a t e s  were found t o  
be l i nea r  i n  the  pressure on t h e  upstream s ide  of t h e  flow meter a t  pressures 
as low as 2 m Hg. The range of ca l ibra t ion  employed i n  these  tests w a s  from 
10-5 lb/sec t o  10-3 lb/sec with air and from 3 x 10-5 t o  10-3 f o r  argon. 
comparison of argon and air  da ta  with t h e  same o r i f i c e  p l a t e  show t h a t  t he  data  
are i n  good agreement with the  r a t i o  o f  the two flow r a t e s  as predicted from 
sonic flow. 
flow of argon should be 25 percent greater  than the  a i r  flow r a t e ;  comparing 
the  da t a  i n  F igu res43  a n d 4 4  a t  23.5 Torr t h e  a i r  flow is 1.0 x 10-4 while f o r  
argon it i s  1.25 x 10-4 lb/sec.  

A 

For example, sonic flow indicates  t h a t  a t  t h e  same pressure the mass 
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VI. PROBE FNAWATION 

ROVERS Arc Experiments 

A number of expe rhen t s  were conducted with t h e  probe system i n  the  super- 

The ROVERS f a c i l i t y  consis ts  of a 

The a rc  heater  employs a water- 
High enthalpy air i s  

sonic exhaust j e t  produced by the  Avco RIVER$ a r c  f a c i l i t y  ( F i g w e e )  t o  pro- 
vide a means of evaluating the  probe deai@. 
cons t r ic ted  a rc  plasma generator which exhausts through a supersonic conica l  
nozzle i n t o  a 6 f e e t  diameter Vacuum e h a ~ ~ b ~ .  
cooled tungsten cathode and a water C Q O k d  copper anode. 
produced by passing ni t rogen through the arc discharge and mixing oxygen t o  the  
plasma i n  a plenum chamber p r i o r  t o  expanding the  flow through t h e  conical  
e x i t  nozzle. Measurement Of the  t o t a l  Power input  t o  t he  heater  
and vol tage)  as w e l l  as the  energy absorbed i n  the a rc  cooling water allows the  
enthalpy of the  plasma stream 60 be %IpLlted from an energy balance. 

( i . e . ,  cur ren t  

The conical  e x i t  nozzle ha8 an area r a t i o  of 9.0 and an e x i t  diameter of 
For a spec i f i c  heat ratio af 1.20 the  area r a t i o  corresponds t o  3.00 inches.  

an e x i t  Mach number of 3.20. 
t h i s  Mach number is 1.46 percent of t h e  stagnation pressure of t h e  flow 
measured i n  the a rc  hea ter  plenum. 
shape, t he  flow continues t o  diverge downstream of the  nozzle even when the  
s t a t i c  pressure i n  the  vacuum chamber is s l igh t ly  i n  excess of t he  s t a t i c  
pressure i n  the  nozzle e x i t  plane, 

The s t a t i c  pressure i n  the  nozzle e x i t  plane f o r  

However s ince the  e x i t  nozzle i s  conical  i n  

The enthalpy probe assembly was mounted i n  t he  ROVEFB vacuum tank with 

The long length of the s t r u t  and associated mounting hardware 
the  axis of the  probe sa~npling tube coincident with the ax is  of t he  f a c i l i t y  
exhaust j e t .  
made it necessary t o  place the  base of the s t r u t  i n  the recessed viewing por t s  
located on walk of t h e  vacuum chamber. Hence axial and l a t e r a l  movement of 
t he  probe within the exhaust j e t  was severely l imited.  
which could be achieved were on t h e  flow f i e l d  ax i s  a t  dis tances  of 12.250 and 
6.125 inches from the  nozzle e x i t  plane. 
t yp ica l  experiment can be found i n  Figure%. 

The only posi t ions 

A photograph sf t he  probe during a 

A s e r i e s  of enthalpy probe measurements were performed a t  an a x i a l  d i s -  
tance of 12.250 inches from the nozzle exi t  plane. 
i n  these tes ts  are l i s t e d  i n  Table=. 
probe were considerably l e s s  than those calculated from the energy balance. 
The average being approximately 42 percent of the energy balance value.  I n  
one s e r i e s  of experiments (ROVERS R u n  No. 434-1) t h e  coolant water flow t o  the  
inner  calor imetr ic  probe was varied from 0.21 gpm t o  1.74 gpm while maintaining 
t h e  outer  probe cooling water flow rate at a constant value of 0.44 gpn. 
va r i a t ion  i n  enthalpy measured i n  these t e s t s  was from 3800 Btu/lb t o  a max imum 
of 4150 Btu/lb with the  mean value being 3985 Btu/lb. This amounts t o  a spread 
of k4.5 percent about the  m e a n  value. 

Arc hea ter  parameters 
The enthalpy measurements made with the  

me 
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A s  i s  demonstrated by the  r e s u l t s  l i s t e d  i n  T a b l e a  there  is  no consis tent  

va r i a t ion  i n  the  measured enthalpy with changes i n  the coolant flow r a t e .  I f  
there  were energy t r ans fe r  from the inner t o  the  outer  probe coolant streams, 
there  would be a change i n  the  hea t  exchange between the  streams as t h e  flow 
varied and hence a va r i a t ion  i n  gas enthalpy would be observed. 
no va r i a t ion  i n  enthalpy was noticed even when the inner coolant flow was changed 
by a f ac to r  of 8 ( F i g u r e 4 7 )  it was concluded t h a t  there  w a s  no energy t r ans fe r  
between the  two coolant streams. 

Since e s sen t i a l ly  

This observation was substant ia ted by placing a Nichrom heat ing element 
within the  probe sampling tube. 
heater the energy absorbed by the  inner  probe cooling w a s  measured t o  be 38 
watts. This s m a l l  discrepancy can be a t t r i bu ted  t o  losses  from the  bare leads 
of t he  hea ter  and the  s m a l l  por t ion of the heating element which w a s  allowed t o  
remain outs ide of the  sampling tube. 

When 40 watts of power was d iss ipa ted  i n  the  

A second se r i e s  of experiments were performed with the probe t i p  located 
The r e s u l t s  a t  an a x i a l  dis tance of 6.125 inches from the nozzle e x i t  plane. 

of these t e s t s  are included i n  Table JII. Each experiment conducted i n  t h i s  por- 
t i o n  of t h e  evaluation program w a s  i den t i ca l  t o  experiements performed a t  
12.250 inches.  In each case, higher values o f  enthalpy were measured c loser  t o  
the  nozzle e x i t  plane. 
3985 Btu/lb and 6600 Btu/lb were measured a t  12 and 6 inches, respect ively,  
thereby fu r the r  demonstrating t h a t  the  discrepancy between measured and calculated 
enthalpies  i s  due t o  j e t  mixing. 

For example, i n  Run No.  434-1 and 435-5 enthalpies  of 

I 

The difference between the  enthalpy calculated from the  f a c i l i t y  energy 
balance and the  measured value w a s  therefore  assumed t o  be caused by mixing 
of t he  exhaust j e t  with the  ex terna l  rec i rcu la tory  flow within the  vacuum 
chamber. This mixing process i s  considerably more rapid than t h a t  which O C C I ~ C '  

i n  a f r e e  j e t  s ince use of t h e  relat ionships  and experimental da t a  of Warren 
quant i t ies  would have values iden t i ca l  t o  those i n  the nozzle e x i t  plane. The 
reasons f o r  t he  enhanced j e t  decay may be seen by considering the  flow pa t te rns  
i n  the  two cases which a r e  i l l u s t r a t e d  schematically i n  Figure48.  I n  the  f r e e  
j e t  case, t he  j e t  en t ra ins  f l u i d  from the  environment and t h e  t o t a l  mass f l o w  
within the  j e t  increases with dis tance from the  nozzle e x i t  plane. Furthei-niore 
it  i s  noted t h a t  the entrained f l u i d  has an a x i a l  momentum which i s  iden t i ca l ly  
zero. A s  i s  the  case with a l l  f r e e  shear l aye r  mixing processes the t o t a l  
momentum and energy passing through any plane normal t o  the j e t  ax is  is conserved. 
However with a j e t  t h a t  i s sues  i n t o  a chamber which i s  maintained a t  steady 
s t a t e  conditions of pressure and temperature the re  a r e  important differences 
which a l t e r s  the r a t e  of mixing. A s  w i t h  the  f r e e  j e t  the conservation laws 
s t i l l  apply and the  t o t a l  mass f l o w  i n  the j e t  increases  with d is tance  down- 
stream. Since the vacuum chamber i s  maintained a t  steady s t a t e ,  only t h a t  
port ion of t h e  j e t  mass flow which entered t h e  vacuum tank through the  a r c  
hea ter  nozzle leaves the system a t  the  f a r  end of the chamber. The remainder 
of the  flow rec i r cu la t e s  along the outer  wall of the t a n k  t o  be re-entrained by 
the  j e t  i n  the  v i c i n i t y  of t he  nozzle ex i t  plane. 
chamber, t he  j e t  leaving the nozzle mixes with an opposing ex terna l  flow f i e l d .  
Furthermore, the r ec i r cu la t ing  external  flow, when it reaches the  forward end 
of the  vacuum chamber i s  directed r ad ia l ly  inward towards the  exhaust j e t  and 
hence increases  the  amount of f l u i d  entrained i n  the i n i t i a l  port ion of the  J e t  
and increases  the rate of j e t  decay. 

Hence, when i n  the  vacuum 
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I n  each run where more than three  measurements of enthalpy were made each 
da ta  point  was compared t o  the  mean value f o r  each run. The r e s u l t s  a r e  included 

of t he  da t a  from the  m e a n  value i n  any experiment was found t o  be 2.6 percent 
fu r the r  demonstrating the  adequacy of t h e  insu la t ion  between the  inner and outer  
probe cooling systems. - 

-' - i n  Figure b a s  a function of cooling water flow rate.  The average deviat ion 

ARMSEF lkperiments 

A s imi la r  s e r i e s  of t e s t s  were conducted i n  the  NASA/MSC ARMSEF f a c i l i t y .  
The probe w a s  located with i t s  t i p  located a t  a d is tance  of 4.25 inches down- 
stream of the  nozzle e x i t  plane. 
of being moved r a d i a l l y  across the  flow f i e ld  so as t o  provide information con- 
cerning property va r i a t ions  within the free  stream. 

During these experiments the  probe was capable 

F a c i l i t y  operating conditions i n  t h e  experiments are l i s t e d  i n  Table IV. 
Notice t h a t  the enthalpy of the gas stream produced by the  f a c i l i t y  i s  obtained 
by three  methods: 

a )  by an energy balance (h 
energy absorbed by the  cooling water and the  gas flow 
through t h e  a r c  hea ter ,  

) using power input t o  the  f a c i l i t y ,  e.b. 

b )  by use of the  sonic flow re la t ionship  (h 
plenum pressure,  t h roa t  area,  gas mass ff6w'rate,  and. gas 
enthalpy 

) which r e l a t e s  

e )  by use of t he  re la t ionships  f o r  s tagnat ion point  heating r a t e s  

(% heatidg r a t e s  and impact pressure.  
) t o  ca lcu la te  enthalpy from measured s tagnat ion point  

Data were gathered with the  enthalpy probe a t  each of t h e  AFMSEF operating 
conditions.  The gas flow measuring system employed i n  these t e s t s  was t h a t  
described i n  the  previous sect ions of t h i s  repor t  with an o r i f i c e  diameter of  
0.120 inch. 
are included i n  Table IV f o r  comparison with enthalpy determined with the  various 
techniques tiescribed above. 

The enthalpy computed from the quant i t ies  measured with the  probe 

The gas enthalpy measured with the  probe system was f o r  the  most p a r t  
considerably g rea t e r  than t h a t  determined by e i t h e r  the energy balance or sonic 
flow techniques. Since each of these methods provide some average value of t he  
flow f i e l d  proper t ies ,  t h i s  comparison i s  as expected. When the  enthalpy 
calculated from measured heating r a t e s  i s  compared with the  value obtained with 
the  probe, it i s  found t h a t  with the  la rger  nozzle ( l a r g e r  f r e e  stream Mach 
number) t he  former value i s  considerably grea te r  than the  probe enthalpy. 
However, with the smaller nozzle,values measured with t h e  probe a r e  i n  good 
agreement with the  enthalpy deduced from heat t r ans fe r  rates. The reason for 
t h i s  var ia t ion  i s  not  understood a t  the  present t i m e .  

The da ta  gathered with the  probe i n  Runs 337 and 338 c l e a r l y  ind ica te  
the enthalpy var ia t ion  across the  nozzle e x i t  plane a r e  s m a l l .  I f  t he  da t a  
gathered i n  Run number 339 i s  disregarded it i s  found t h a t  a l l  da ta  obtained a t  
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t he  same r a d i a l  pos i t ion  with comparable arc parameters agree t o  within 
6 percent with no apparent va r i a t ion  i n  calculated gas enthalpy with var ia t ions  
i n  inner  probe coolant flow rate. The data obtained i n  Run 339 appears t o  be 
anamolous and i s  i n  poor agreement with resu l t s  obtained i n  the  previous two 
experiments. The cause of t h i s  discrepancy i s  unknown, s ince a l l  probe da ta  
with the  exception of the  coolant temperature r i se  i s  i n  good agreement with 
previous r e s u l t s .  
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APPENDIX I 

OPERATION OF THE ENTXALPY PROBE 
n 

The enthalpy probe is a simple, calorimetric device which allows one to 
measure the enthalpy of a gas sample drawn through an aspirating tube located on 
the axis of the instrument. As the sample travels down the aspirating tube energy 
is transferred to the tube walls and in turn to the cgoling water flowing along 
the outer surface of the tube wall. Upon its exit from the sampling tube, the 
gas stream is at a temperature Tg and hence has some-residual energy. From a 
simple energy balance it is obvious that 

where T1 and T are the inlet and outlet coolant temperatures, T 
temperature for computation of the gas enthalpy, and rh and % Ooare the gas 
sampling rate and coolant flow rates, respectively. &e gas 2 sampling rate 
is measured by means of sonic orifice plates located in the vacuum line located 
between the probe and a vacuum pump and the coolant flow,rate is measured by any 
of the commercially available flow meters. 

. ture and the gas temperature at the end of the sampling tube are obtained from 
the output of chromel-alumel thermocouples supplied with the probe system. 

is the base 
2 

Inlet and outlet cooling water tempera- 

The probe system itself consists of an external probe, an internal 
calorimetric probe and a probe strut each of which is provided with a separate 
cooling system. 
surrounds, and is insulated from the inner calorimetric probe is to protect the 
inner probe from the external environment. The water cooled probe strut is of 
sufficient length to allow the probe sampling tube to be located with its axis on 
the axis of the flow field produced by the ARMSET facility. 

The primary function of the external probe which completely 

c 

The amount of cooling water required to protect the probe system at various 
heating levels can be found from the analyses presented in the main body of this 
report. The minimum cooling requirements for the probe strut may be found in 
Figure A-1 as a function of environmental conditions ({sr%) and inlet coolant 
pressure to the base of the strut. 

Minimum coolant requirements to protect the external probe from the 
environment are illustrated in Figure A-2 as a function of external heating 
while similar curves for the internal calorimetric probe are presented in 
Figure A-3. As discussed in those portions of this report dealing with the 
design of the probe system the minimum cooling flow rates are determined from 
the desire to prevent boiling within the system at particular heating rate. 
is noted however that in the design the heat transfer correlations employed 
were those applicable to fully developed flow within channels. 
heating area in the calorimetric probe is near the probe tip in a region where 
the coolant flow is in the process of negotiating a 165 degree change in 
direction. Hence the use of the heat transfer relationships employed in the 
analysis is open to question. In this situation the actual heat transfer 
coefficient would be considerably higher than those employed in establishing 
the minimum coolant flow rates. Hence it is expected that the information 
presented in Figure A-3 is conservative and that boiling can be prevented even 
at flow rate less than those shown in this illustration. 

It 

The critical 
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In addition to these data, the inner calorimetric probe coolant tempera- 
ture rise which would be expected st various facility operating conditions is 

leaving the nozzle of the ARMSEF' facility is of uniform properties and that the 
probe acts as a mass flux measuring instrument. 

. shown in Figure A-4. These results are based on the assumption that the stream 

Installation of the probe in the facility consists of providing coolant 
inlet and outlet lines (with flow meters) for the probe strut, the external 
probe, and the inner calorimeter probe. 
between the gas sampling line and the vacuum pump which is located within the 
mass flow calibration system console. The vacuum line between the base of the 
probe should have as small a length-to-diameter ratio as possible in order to 
minimize frictional losses within the sampling train. A vacuum solenoid valve 
is included in the line to provide a means of sampling gas at will and when this 
valve is closed the impact pressure in the free stream can be measured by 
locating a pressure transducer between the valve and the probe tip. In addition 
a flow meter to measure the mass flow rate of the aspirated gas stream is placed 
in the vacuum line between the valve and the vacuum pwnp. 
of the probe system is presented in Figure A-5. 

In addition; a vacuum line is provided 

A schematic diagram 

The procedure followed in making a measuremen% of enthalpy in a flow field 
. is discussed below. Following insertion of the probe into the stream with the 

sampling valve closed, the temperatures in the inner probe cooling water stream 
are observed until they come to steady state. At this time, the gas sampling 
valve is opened drawing gas through the probe until the calorimetric probe 
coolant temperatures reach steady state once again. During this period the 
output of the instrumentation associated with the flow meters for measuring 
sampling rate and coolant flow rate as weJl as the temperature of the gas leaving 

sampling line is closed ans the probe can then be moved to the next position where 
a measurement is desired. 

c the inner calorimetric probe are monitored also. At this time the valve in the 

c The enthalpy of the gas sample drawn through the probe can then be 
calculated from an energy balance on the calorimetric probe: 

and the mass flux in the external flow field is obtained by dividing the gas 
sampling rate by the cross-sectional area of 0.250 inch diameter sampling tube: 

(A-3) 

. 
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APPENDIX I1 

OPERATION OF THE MASS F L O W  CALIBRATING SYSTEM 

The mass flow calibr ting system consists of two manifoleded reservoirs 
and 0.1075 ft3 which are connected by appropriate 3 having volumes of 0.374 ft 

valves and a restrictive orifice to the inlet of a 5.6 CFM vacuum pump. 
meter being calibrated is positioned in the line between the restrictive ori ice 
and the vacuum pump. The system is such that gas flows ranging from 4 x lo-' to 
4 x 10-3 lb air per second may be obtained by proper choice of initial pressure 
in the reservoirs and the diameter of the restrictive orifice plates. The 
restrictive orifices range in size from 0.004 inch to 0.020 inch. 
rate range of interest, the static line pressures in the system between the 
restrictive orifice and the vacuum pump are in the range expected during operation 
of the enthalpy probe in the ARMSEF facility. Hence the calibration system pro- 
vides a means of calibrating flow meters at the pressures and flow rates expected 
during operation in the facility. 

A flow 

In the flow 

The procedure followed in various operations performed during calibration 
of a flow meter are described below. 

Filling: 
2 and 9 closed gas is introduced into the system through the 
fill line located in the console containing the system 
(see Figure A-6 for valve designation). 

With valves 3, 4, 5, 6, 7 and 8 opened and valves 1, 

Venting of the gas inlet line: With valves 3, 4, 5, and 6 
opened and valves 1, 2, 7, and 8 closed, the regulator valve 
on the gas supply is closed and the vent val.ve (Valve No. 9) 
is opened. 

Isolating a reservoir as a constant pressure volune: To employ 
reservoir no. 1 as a constant pressure volume valves 1, 2, 5, 
7 and 8 are maintained in the closed position and valves 3, 4, 
and 6 are kept open. 
the standard volume the position of the valves would be 
identical except that valve 6 would be closed and valve 5 would 
be open 

If the other reservoir was selected as 

Equilizing the pressure in the two volumes: With valves 1, 2, 
7 and 8 in the closed position, the pressure can be equalized 
by opening valves 3, 4, 5, and 6. 

Gas flow from reservoir #2 with reservoir #l maintained as 
a constant pressure volume: Valves 1, 2, 5, 7 and 8 maintained 
in the closed position and valves 3, 4, and 6 open, valve 1 
is then opened to allow gas from reservoir 1 to flow through 
the restrictive orifice through the flow meter being calibrated 
and then to the vacuum pump. 
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f) Venting of entire system: 
closed and valves 3, 4, 5, 6 and 9 initially open, valves 7 and 
8 are then opened. , 

With valves 1, 2, 7 and 8 initially 

These operations are summarized in Table A - I  

During the calibration of a flow meter the following sequence of operations 
is followed: 

1. Proper pressure transducers and restrictive orifice are selected based 
on the data presented in Figure A-7. 

2. Pressure transducers and orifice plates are installed in the system. 

3. The system is filled with gas to the correct pressure level. 

4. 

5. 

The gas inlet line is vented. 

One reservoir (usually the smaller of the two) is isolated from the 
remainder of the system. 

6. Gas is allowed to flow from the larger reservoir for a measured time 
period. This flow passes through the restrictive orifice, the flow 
meter being calibrated, and then through the vacuum pump. During 
this period the output of the flow meter pressure transducers are 
recorded. 

7 .  
c, 

The valve between the larger reservoir and the restrictive orifice 
is then closed. It will be observed that immediately after closing 
this valve that the temperature in the tank begins to rise as the 
gas absorbs energy from the environment. At the end of this time 
period it will be noted that the pressure difference between the 
two reservoirs also comes to a steady state value at which time the 
pressure in the reference volume and the pressure difference between 
the two reservoirs is recorded. The total mass flow from the large 
reservoir during the period the valve was open is then 

and the average mass flow rate is 

(A-4) 

( A - 5 )  

which can be correlated with the output of the meter being calibrated. 

The two reservoirs are allowed to come to the same pressure. 

The entire system can then be vented (if desired) to some lower 
pressure. 

8. 

9. 
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OPERATION 

TABLE A b 1  

SUMMAHY OF CALIBRATION SYSTEM OPERATIONS 

1. Fill reservoirs 

2. Vent inlet line 

3. Isolate small reservoir 

4. Isolate large reservoir 

5.  Flow from small reservoir 

6. Flow frm large reservoir 

7. Equalization of reservoir 
pressures 

8. Vent entire system 
e1 

9. Evacuate reservoirs 

mTLAL VALVE POSITION 
- OPEN CLOSED EXECUTION 

3, 47 5, 67 77 8 1 7  27 9 

3, 4, 5, 6 1 7  2, 77 8, 9 OPEN 9 

3, 47 5, 6, 9 1 7  2, 77 8 CLOSE 5 

3 7  47 5, 6, 9 1, 2, 7, 8 CMSE 6 

3 7  47 67 9 

3, 4, 5, 9 

1, 2 7  5 7  7, 8 OPEN 2 

1 7  27 67 77 8 OPEN 1 

3 7  4, 9 

3, 47 5 ,  6, 9 

1, 2, 5, 6, 7, 8 OPEN 5, 6 

1, 2, 7, 8 OPEN 7, 8 

OPEN 1, 2 3 7  4, 5, 6, 9 1 7  27 7, 8 
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10. Steps 5 through 9 are then repeated to obtain the next calibration 
point. 

Selection of the restrictive orifice plates and the operating pressure of 
the system reservoirs is made from the data presented in Figure A-7 at the 
desired gas flow rate. For gases other than air it is obvious that the data 
presented can be easily modified by use of the sonic flow relationships for 
choked orifices : 

The length of time that gas may be allowed to flow from the large reservoir to 
obtain pressure drops of 1.0, 2.5, and 5.0 psia are illustrated in Figure A-8. 
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